Nuclear hormone receptors (NHRs) are important regulators of development and metabolism in animal species. They are characterized by the ability to regulate gene expression in response to the binding of small hydrophobic molecules, hormones, metabolites, and xenobiotics. The Caenorhabditis elegans genome contains 284 sequences that share homology to vertebrate and insect NHRs, a surprisingly large number compared with other species. The majority of C. elegans NHRs are nematode-specific and are referred to as supplementary nuclear receptors (supnrs) that are thought to have originated by duplications of an ancient homolog of vertebrate HNF4. Here, we report on the function of NHR-40, a member of a subgroup of 18 Caenorhabditis elegans supnrs that share DNA-binding domain sequence CNGCKT. NHR-40 is expressed from at least two promoters, generates at least three transcripts, and is detectable in pharyngeal, body wall, and sex muscles as well as in a subset of neurons. The downregulation of nhr-40 by RNAi, or a mutant with an intronic region deletion, results in late embryonic and early larval arrest with defects in elongation and morphogenesis. The nhr-40 loss of function phenotype includes irregular development of body wall muscle cells and impaired movement and coordination resembling neuromuscular affection. NHR-40 joins the list of C. elegans NHRs that regulate development and suggests that members of extensive nematode supnr family have acquired varied and novel functions during evolution.
Introduction
Nuclear hormone receptors (NHRs) are transcription factors that are important for many physiological functions such as development, cellular differentiation, metabolism, and defense against xenobiotics. NHRs are defined by the highly conserved DNA-binding domain (DBD) composed of two zinc fingers and a ligand-binding domain (LBD) composed of 11 or 12 helices Renaud et al., 1995) . The LBD binds hydrophobic molecules including steroid hormones, retinoids, and lipid metabolites. NHRs are found in animal species from sponges to vertebrates Escriva et al., 2004; Wiens et al., 2003) , and phylogenic analyses have divided the NHRs into six main classes (Consortium, 1999) . While sequenced vertebrate genomes contain less than 50 genes encoding NHRs (48 in humans) (Robinson-Rechavi et al., 2001) and Drosophila has only 18 such genes (King-Jones and Thummel, 2005) , the genome sequencing projects for nematodes revealed an unexpected number of NHRs: 284 in Caenorhabditis elegans (Gissendanner et al., 2004) and 268 in C. briggsae (Stein et al., 2003) .
Understanding the various functions of this expansive NHRs family, forming the largest group of transcription factors in C. elegans, is a critical element in describing nematode development (Sluder et al., 1999) . Progress has been made on 15 of the NHRs that are highly conserved in sequence when comparing C. elegans, Drosophila, and mammals. RNAi studies have shown that the loss of activity of these NHRs in C. elegans affects a variety of processes including molting (nhr-23, nhr-25, nhr-67) (NR1F4, NR5A3, NR2E2 in the Unified Nomenclature System for the Nuclear Receptors superfamily (Duarte et al., 2002; Ruau et al., 2004; Asahina et al., 2000; Gissendanner et al., 2004; Gissendanner and Sluder, 2000; Kostrouchova et al., 1998; Kostrouchova et al., 2001) ), dauer formation (nhr-41, nhr-85) (NR2D1, NR1D), ovulation (nhr-6) (NR4A4) (Gissendanner et al., 2004) , epidermal cell development and differentiation (nhr-25) (Chen et al., 2004; Silhankova et al., 2005) , vulval development and function (nhr-67, nhr-85) , and toxin resistance (nhr-8) (NR1I/J) (Gissendanner et al., 2004) . Genetic mutants in four of the conserved NHRs affect neuronal development (fax-1, unc-55) (NR2E5, NR2F7), sex determination (sex-1) (NR1G1), and dauer formation (daf-12) (NR1J) (Antebi et al., 2000; Carmi et al., 1998; Much et al., 2000; Zhou and Walthall, 1998) . As in other animals, the conserved C. elegans NHRs play critical roles in a variety of developmental processes.
The remaining 269 C. elegans NHRs appear to be nematode-specific and are referred to as supplementary nuclear receptors (supnrs) Robinson-Rechavi et al., 2005) . Researchers have speculated about this large repertoire of supnrs in nematodes. One possibility is that the expansion of this gene family was in response to exposure to a large number of xenobiotics in the environment (Lindblom et al., 2001) . Regardless of the cause, it is likely that many of the C. elegans supnrs evolved from an ancestral gene related to vertebrate hepatocyte nuclear factor 4 (HNF4) Robinson-Rechavi et al., 2005) . Consistent with this possibility, it was recently shown that one of the HNF4-related C. elegans factors, NHR-49, is a major regulator of fat metabolism and is involved in functions supported by PPARs in vertebrates (Van Gilst et al., 2005a,b) . Functional analysis of the supnrs will provide the best evidence for the origin and maintenance of this unusually large family of potential ligand-binding transcription factors.
We initiated experiments intended to explore possible developmental functions for a subset of C. elegans NHRs. This subset was composed of more than 60 genes that exhibit some sequence identity to vertebrate receptors based on comparisons of DBDs and the P box in particular. These factors were most similar to NR1, NR2, and NR4 at this level (Duarte et al., 2002; Means and Gudas, 1995) . These receptors are classified as class I of C. elegans NHRs according to the P box sequence, which can be represented by the formula CxGCKxFFRR (where x stands for any amino acid and capital letters for one letter amino acid code) (Van Gilst et al., 2002) . We report here the results on NHR-40, a representative of a small group of C. elegans NHRs defined by the P box sequence CNGCKT. It was recently shown that this receptor also belongs to the more conserved group I of supnrs (Robinson-Rechavi et al., 2005) . We find that nhr-40 is expressed from at least two promoters and generates at least three transcripts. Reporter genes detect nhr-40 expression in pharyngeal, body wall, and sex muscles as well as in a subset of neurons. Loss of NHR-40 activity due to RNAi, or an intronic deletion mutation, results in late embryonic and early larval arrest with defects in elongation and morphogenesis. Consistent with the NHR-40 pattern of expression, the NHR-40 inhibition phenotype includes defects in the development of muscle cells and movement. Our results add NHR-40 to the growing list of NHR family members with developmental functions suggesting that the expansion of the supnrs gene family in nematodes was accompanied by the acquisition of novel and varied developmental functions.
Results
2.1. NHR-40 belongs to a subclass of supnrs with P box sequence CNGCKT NHR-40 belongs to the class 1, subgroup 8 of C. elegans NHRs that have the P box sequence CNGCKT (as defined by (Van Gilst et al., 2002) ). This P box sequence is most similar to that of the vertebrate nuclear receptors classified in unified classification of nuclear receptors (Duarte et al., 2002; Ruau et al., 2004) as subfamily NR2 (that includes group A (HNF4), group B (including RXRs), group F (including COUP-TF), and subfamily NR1 (that includes group B (retinoic acid receptors) and group I (vitamin D receptor, VDR)). The receptors classified as NR1 and NR2 have the P box sequence CEGCKG, highly similar to CNGCKT, although the asparagine substitution for glutamic acid removes the negative charge. Database searches revealed that the CNGCKT P box sequence is exclusively found in nematode species. The subgroup 8 contains 18 genes that may be further divided into receptors containing 9, 11, 12, and 13 amino acids in the inner part of the canonical second zinc finger (Figs. 1A and B) . NHR-40 represents members with nine residues, similar to mammalian receptors listed above (Figs. 1A and B) ; seven additional receptors from class 1 subgroup 8 fall into this class (Fig. 1A) .
Characterization of the nhr-40 gene
The nhr-40 gene is on the X chromosome with a cosmid gene name of T03G6.2. WormBase shows that the gene consists of 12 exons and spans 12,177 bp ( Fig. 2 ) (WormBase web site, http://www.wormbase.org, releases WS150, November 30, 2005) . EST clone yk213d2.5, which appeared to cover the entire coding region, was obtained from Dr. Y. Kohara (National Institute of Genetics, Japan). Sequencing of the cDNA clone confirmed the predicted coding region reported in WormBase and GenBank. The gene structure is typical for C. elegans except for the first intron that is unusually long (6696 bp).
Three transcripts (a, b, and c) have been described for nhr-40 based on expressed sequence tag (EST) information assembled in the AceView database (http://www.ncbi.nlm.-nih.gov/IEB/Research/Acembly/). In order to determine if other isoforms of nhr-40 exist, we prepared total RNA from embryonic, larval, and adult stages of C. elegans and used reverse transcriptase-polymerase chain reaction (RT-PCR) with sets of gene-specific, random hexamers and the trans-spliced lead sequences SL1 or SL2 (Blumenthal and Thomas, 1988; Krause and Hirsh, 1987) . We identified clones representing transcripts nhr-40a and nhr-40b but not nhr-40c; both of the detected messages were trans-spliced to SL1 as previously reported in AceView. We also identified a new transcript, which we called nhr40d, that utilizes the same first exon as transcript nhr-40c but that differs in the length of exon 7 ( Figs. 2A and B) . Of the 20 nhr-40 cDNA clones that we sequenced, 10 clones represented transcript nhr-40a, four clones transcript nhr40b, and six clones transcript nhr-40d. These results demonstrated and confirmed that nhr-40 is regulated by at least two distinct promoters ( Fig. 2A) .
The isoforms encoded by nhr-40a, b, and d differ in the amino acid level at the beginning of the proteins. Isoforms NHR-40a and b start with MPNN while NHR-40d starts with MLVPPVSMIMYHELPSIKNK. There are also differences in the splicing of exon 7. The nhr-40a unprocessed transcript has a shorter intron 6 (361 bp) and exon 7 elegans NHRs that are characterized by the P box sequence CNGCKT (Van Gilst et al., 2002) . The P box of the DBD and the conserved cysteins are marked in bold. The alignment was generated using the MultAlin program (Corpet, 1988) . The NHR-10 is not included in the alignment. (B) Schematic representation of the molecular signature of the DBD, with conserved cysteins and indicated number of variable intervening amino acids. Arrows point to sequences between internal cysteins of the first and second zinc fingers, where the second zinc finger consists of nine to 13 amino acids in the subgroup supnrs-CNGCKT of C. elegans. encodes five more amino acids (FLFFS). Primary transcripts nhr-40b and d have a longer intron 6 (376 bp) with a corresponding decrease in exon 7-coding capacity (Fig. 2B) .
A homolog of nhr-40 is present in the C. briggsae genome named CBG02077. The gene sequence is located on the clone cb25.fpc0045 but the annotation appeared incomplete and only included the region from exons 2 to 11. We performed an alignment using the MultAlin program (Corpet, 1988) of clone cb25.fpc0045 with the C. elegans nhr-40 gene. The alignment demonstrates that Cbnhr-40 has a gene structure that is nearly identical to Cenhr-40 ( Fig. 2A) . It is of particular interest that both genes have short first exons (13 bp) and very large first introns: 6696 bp for C. elegans and 5905 bp for C. briggsae. A comparison of the genes flanking nhr-40 in the two species demonstrated synteny of this chromosomal region.
nhr-40 expression patterns
The developmental expression profile of C. elegans nhr-40 was assayed by quantitative RT-PCR from total RNA isolated from embryos, synchronized larval stages, and adult animals. We used nhr-40 gene-specific primers for each unique 5 0 region for nhr-40 transcripts a, b (#6145), and d (primers #6146) and one common primer for all transcripts (#6147) (Fig. 2A) . Expression levels of nhr-40 transcripts a, b, and d were normalized against the ama-1 transcript encoding the large subunit of RNA Polymerase II. We found that the expression of nhr-40 from both promoters was present throughout development and was highest in L2 stage of all isoforms (Fig. 3) . Expression levels were calculated from calibration curves and normalized for ama-1 expression levels (without introducing a calibration step for the efficiency of reverse transcription), revealing that L2 stage animals had approximately 3-fold more nhr-40d than nhr-40a and b suggesting a higher efficiency of transcription from promoter 2 (discussed subsequently).
We assayed the function of the two nhr-40 defined promoter regions using promoterless green fluorescent protein (GFP) reporter vectors (Fig. 4A) . A reporter gene construct (#4586) that begins at 2833 bp upstream of the first exon shared by transcripts nhr-40a and nhr-40b (denoted promoter 1) is expressed in body wall muscle cells, pharyngeal muscles, rectal gland cells, vulval and uterine muscles, and a subset of neurons in the head and ventral nerve cord (Figs. 5A-D). The expression was first detected in the embryo at the 1.5-fold stage and continued to be expressed until adulthood. In this stage, cells with position corresponding to P cells showed also GFP expression. In order to determine if the expression of GFP was in epidermal lineages, including P cells and their descendants, we prepared double transgenic lines expressing GFP from promoter 1 of nhr-40 on the background of SU93 line that expresses an AJM::GFP membrane marker. This confirmed the expression of nhr-40::gfp in epidermal precursors P cells and their neuronal progeny within the ventral neuronal cord. How- Reporter genes in which nhr-40 sequences have been fused to GFP are shown and identified by the numbers to the right. Each construct was used to generate at least two independent transgenic lines using the co-injected marker plasmid pRF4 (Mello and Fire, 1995) . Expression patterns are described in the text. (B) The origin of overlapping genomic PCR fragments used for rescue experiments with the nhr-40 mutant strain RB840. The region of overlap among individual PCR products varied between 368 and 716 bp. The PCR products were marked as A, B1, B2, C, and D. The genomic region deleted in the strain RB840 is marked as the gray box under the sequence. ever, the GFP was not observed in ventral epidermal cells that originated from P cells (data not shown). The nhr-40::gfp was not observed in seam cells that are also marked by an AJM::GFP. The muscle pattern of expression was partially lost with truncations of this promoter fragments (À1013 and À682 bp); however, other aspects of expression were retained (Figs. 5E and F) . Construct #6007 that begins at À385 bp relative to the start of exon 1 did not show any expression.
Genomic segments from intron 1 relative to transcripts nhr-40a and nhr-40b were also cloned into GFP reporters to test for promoter activity in this region, corresponding to the region upstream of the first exon shared by transcripts nhr-40c and nhr-40d (referred to as promoter 2; Fig. 4A ). Reporter genes that begin at À3190, À2021, À1248, and À517 bp upstream of the ATG of this alternate first exon 1 were expressed in body wall muscle cells, neurons in the head, nerve ring, ventral and dorsal nerve cords, neurons, and some epidermal cells in the tail (Figs. 6A-D). Weaker expression was also observed in pharyngeal muscles. The expression from promoter 2 started in the embryos at the 1.5-fold stage and was continuous throughout development. As with the upstream promoter, expression from this internal promoter element is observed in vulval cells at the L4 stage and in adult hermaphrodites, including the uterine-vulval cells uv1, 2, 3, and surrounding epithelium (Fig. 6C) . Our reporter gene analysis demonstrated that the genomic regions upstream of either of the two alternate first exon sequences could function as a promoter and resulted in similar temporal and spatial patterns of expression.
Because the GFP expression pattern observed for the two promoter regions substantially overlapped, we used the program MultAlin (Corpet, 1988) to search for shared cis-acting regulatory sequences upstream of the respective ATGs of the two alternate first exons. No obvious similarity was detected. We also searched for sequence similarity between the two predicted nhr-40 promoter regions from C. elegans and C. briggsae. We found stretches of repetitive sequences but none appeared likely binding sites for known transcription factors.
NHR-40 is required for late embryogenesis and larval development
To explore the developmental function of nhr-40, we used RNAi, overexpression, and an intronic deletion mutation. Inhibition of nhr-40 by microinjection of dsRNA into the parental gonad was done using two constructs: #4528, a cDNA clone that contained most of the coding region (exons 2-9) amplified with primers (#4500 and #4415) and clone #4534 that contained part of the LDB amplified with primers (#4417 and #4415) (Fig. 7A ). Both nhr-40 RNAi constructs resulted in similar phenotypes.
Reduction of nhr-40 function by RNAi resulted in embryonic and larval arrest in a fraction ($30%) of the progeny of injected hermaphrodites (Table 1) . Embryos arrested before and at the 2-fold stage could be seen to have defects in elongation and morphogenesis (Figs. 7B, C, and E). Affected larvae often had similar defects, the presence of bulges in different parts of the bodies, were smaller in size, and moved slower than wild-type L1 animals (Figs. 7D and F) . Although reproducible, the RNAi results were not fully penetrant leading us to explore other means of disrupting nhr-40 function. As an additional assay of function, we made transgenic animals harboring heat shock promoter driven cDNA clones that could encode nhr-40a and nhr-40d. Induction of this transgene in adult hermaphrodites resulted in phenotypes very similar to nhr-40 RNAi. These results suggested that the animals were sensitive to NHR-40 dose or that the concatenated nhr-40 coding regions in these transgenic animals were acting negatively, possibly by acting as a substrate to induce RNAi (Table 1 and Figs. 7G-J) .
Finally, we sought a genetic deletion allele of the nhr-40 to better understand the developmental function of the gene. To date, only a single nhr-40 deletion allele has been generated and was provided to us by the C. elegans Gene Knockout Consortium at the Oklahoma Medical Research Foundation. We sequenced gDNA from the homozygous viable strain RB840 that contains the nhr-40(ok667) allele. We found that this deletion removes 840 bp within the first introns of all isoforms of the gene, positioned 62 bp upstream of the start of exon 2. In addition, this allele had an insertion of 6 bp (aaaaga) in the place of the deleted sequence (Fig. 7A) . After out-crossing three times with wild-type animals, we checked homozygous nhr-40(ok667) animals for phenotypes. We found phenotypes that paralleled those observed following nhr-40 RNAi or nhr-40 overexpression (Table 2 and Figs. 7K-N) .
The location of the nhr-40(ok667) deletion in RB840 line suggested that it could affect the splicing to the second exon shared by all transcripts and/or the function of the promoter 2 located within intron 1. We used RT-PCR to examine the expression of nhr-40 transcripts a, b, and d that represent products from the two promoters of the gene. We found that while the majority of message corresponded to wild-type cDNAs, there were aberrant transcripts detectable for both the nhr-40a, b and nhr-40d messages. Direct sequencing of amplified fragments revealed that both exons 1 were frequently, and inappropriately, spliced to exon 3. The resulting coding regions of these aberrant exon 1/3 splices were out-of-frame and would produce a severely truncated protein product if translated.
To test the nhr-40 promoter 2 function in nhr-40(ok667) animals, we cloned the intron 1 sequence (normally promoting nhr-40d) from the RB840 strain into the promoterless GFP vector pPD95.73 and prepared two independent transgenic lines in wild-type N2 animals. A quantitative comparison of reporter gene expression between strains harboring the wild-type versus mutant promoter 2 was made. We found that the expression from the mutant promoter 2 was very weak, reaching maximally only 10-20% of values obtained with the wild-type promoter 2 (data not shown). Taken together, these results suggest that nhr-40 transcription is reduced in the deletion allele strain RB840 due to both splicing abnormalities and reduced transcription from the intronic promoter 2 element.
To better distinguish the affected tissue, we used nhr-40 RNAi on transgenic lines expressing epidermal and muscle markers. Inhibition of nhr-40 by RNAi in the SU93 line revealed that affected embryos contain epithelial cells that are highly disorganized. However, affected larvae have the normal number of seam cells despite severe defects in body shape and bulges (data not shown). In contrast, a hlh-1::gfp transgenic line marking all body wall muscle cells revealed that body wall muscle cells were not only mis-localized but also often missing following nhr-40 inhibition (Figs. 8B, D, F, and H) . Staining of actin myofilaments with phalloidin detected changes in the muscle structure of affected animals in the RB840 line. Although the actin was present in majority of muscle cells in embryos and larvae, the myofilaments were disorganized in regions corresponding to morphological defects (Figs. 9B-D) . The number of body wall muscle cells in worms subjected to nhr-40 RNAi was determined using an hlh-1::gfp strain that marks these cells . The average number of cells per quadrant expressing the transgene was 18.0 (SD 2.2) in control animals and 15.1 SD 3.0 in nhr-40 RNAi-treated animals. This result is statistically significant assuming the null hypothesis at 99% probability (P < 0.0001).
Movement of RB840 L1 larvae was also affected. The larvae moved slowly, reversing directions several times, and very often moving in circles. Moving assay showed that between 23 and 25% of 200 non-selected RB840 L1 animals reached the lawn of OP50 during a 24 h period, compared to 100% of wild-type L1 animals (n = 200). Similar tests with 523 selected RB840 animals that were showing developmental defects and 100 wild-type N2 L1 larvae revealed that only 9.6% of affected larvae were able to reach the bacteria. In addition, the motility assay revealed that affected RB840 L1 larvae showed decreased movement (N2 values for two experiments were 111.4 ± 14 and 130.6 ± 15.9 compared to RB840 values 41.2 ± 9.9 and 28.9 ± 11.2).
We attempted to rescue the embryonic and larval arrest phenotypes of the nhr-40(ok667) deletion allele using wildtype genomic DNA. The wild-type nhr-40 locus ($15 kb) was amplified as several overlapping PCR fragments (Fig. 4B) and injected into the RB840 animals together with pRF4 marker plasmid that causes a roller phenotype. This method is often used to generate transgenic animals and to rescue mutant animals (Maryon et al., 1996; Maryon et al., 1998; Mercer et al., 2003; Watanabe et al., 2005) . The fragments injected into the gonad of hermaphrodites recombine by homologous recombination to reconstruct an intact nhr-40 gene. Progeny of microinjected Table 1 The developmental defects induced by inhibition and overexpression of nhr-40
Treatment
RNAi Overexpression
Exons 2-9 of cDNA LBD nhr-40a nhr-40d
Embryonic arrest 10% (n = 5252) 9% (n = 2477) 18% (n = 402) 12% (n = 321) Larval arrest/lethality 19% (n = 672) 18% (n = 383) 21% (n = 271) 22% (n = 208) n indicates number of assayed progeny. Embryonic arrest 10% (n = 2521) 7% (n = 2859) 10% (n = 2113) Larval arrest/lethality 20% (n = 2521) 7% (n = 2859) 14% (n = 2113) n indicates number of assayed progeny. animals were scored for developmental arrest. We found that there was a small, but significant, decrease in embryonic arrest and a nearly 3-fold decrease in larval arrest and lethality when wild-type genomic DNA was introduced into the RB840 strain ( Table 2) .
The significance of this result was supported by the analysis of the proportion of affected L1 larvae in progeny of RB840 hermaphrodites injected with amplified genomic DNA. The percentage of affected L1 larvae decreased from 26.2% (SD = 15.6) per parent control animal to 8.6% (SD = 7.8) per treated RB840 parent, indicating a significant rescue at 99% probability using the Student's t-test (P < 0.001).
These results strongly suggest that the developmental defects observed in the mutant strain reflect loss of NHR-40 activity.
Our previous work on nhr-40 expression showed that both promoters were active in muscle and neuronal cells of embryos, larvae, and adults. We used muscle-specific promoter driving the expression of an nhr-40 cDNA clone to see if it could rescue the arrest phenotypes of nhr-40(ok667) homozygous animals. Muscle expression (nonpharyngeal) was driven with the myo-3 promoter (Fire and Waterston, 1989; Okkema et al., 1993) . Progeny of transgenic adults were scored for embryonic and larval arrest. This resulted in good rescue of the larval arrest ($30% reduction) but did not affect the embryonic arrest phenotype ( Table 2 ). The significance of this result was supported by statistical analysis of the proportion of affected larvae in the progeny of RB840 mutant animals harboring the rescuing myo-3::nhr-40 construct. Whereas RB840 mutants carrying a non-rescuing control plasmid gave rise to 21.9% (n = 3296 SD 8.51) affected progeny, the percentage of affected larvae from RB840 mutants with the rescuing construct was only 12.6% (n = 1742 SD 5.0). These results are significantly different at 99% probability (P < 0.0036). The lack of embryonic rescue may reflect a maternal need for NHR-40 activity that is not present in our rescued lines due to the inability of extrachromosomal transgenes to be expressed in the germline (Kelly and Fire, 1998; Kelly et al., 1997) .
We attempted to rescue RB840 by expressing nhr-40 in epidermal cells under the control of nhr-23 promoter. Analysis of 686 embryos and larvae among the progeny of seven parental transgenic animals obtained after injecting RB840 with pnhr-23::nhr-40 demonstrated that this construct did not rescue the mutant phenotypes. This result, combined with our myo-3 promoter rescue data, suggests that body wall muscle defects are largely responsible for the nhr-40 mutant phenotypes we observe.
Discussion
Our characterization of NHR-40 is the first functional analysis of the subclass of 18 supnrs that have the P box sequence CNGCKT, representing the closest DBD to the vertebrate receptors of subfamilies NR1 and NR2. The gene sequence and structure, including a very large first intron, are evolutionarily conserved in nematodes. Of 284 C. elegans NHR-encoding genes we examined, nine (nhr-6, nhr-19, nhr-21, nhr-23, nhr-31, nhr-34, nhr-40, nhr-46, nhr-64) have similar gDNA organization with the size of first intron being larger than 3 kb, suggesting that multiple promoters may be a common feature of genes with this structure. The nine NHR-encoding genes with this organization are not closely related to each other evolutionarily, suggesting that the presence of a large first intron is not simply a consequence of recent gene duplication events. Rather, this gene organization most likely provides some functional advantage, perhaps in allowing flexibility in the temporal and/or spatial pattern of expression. In the case of nhr-40, the two promoters behave very similarly in reporter gene assays and both are expressed throughout development at a constant level suggesting that under laboratory conditions, the potential for flexibility in expression is subtle, if at all present.
Our functional studies demonstrate that NHR-40 regulates aspects of embryonic and larval development. Reduction of function via RNAi or an intronic deletion causes very similar phenotypes, namely defects in morphogenesis, developmental arrest, and lethality. Our characterization of promoter 2 and its alternate first exon provides a molecular mechanism by which a large deletion in the region could interfere with normal nhr-40 expression. Phenotypes similar to our reduction-of-function studies were also observed following overexpression of nhr-40 from a heat shock promoter in transgenic animals. One possible mechanism is that the transgene, arranged in a concatenated extra chromosomal array, serves as a template of double-stranded RNA formation resulting in an RNAi effect (Fire et al., 1991) . Similar phenotypes from RNAi and overexpression have been reported for pad-2 (Menzel et al., 2004) and erm-1 (Gobel et al., 2004) . A second possibility is that overexpression results in increased expression from downstream target genes as was shown for odr-3 (Roayaie et al., 1998) and such overexpression may interfere with the normal development. Finally, high levels of NHR-40 may act as a dominant negative protein, by titrating other essential factors or altering DNA binding properties through heterooligomerization (Kurokawa et al., 1994; Nelson et al., 1996) .
Our studies indicate that the NHR-40 loss-of-function phenotype includes neuronal and/or muscular developmental defect. Although the impaired body morphology is reminiscent of elongation defects that are often characteristic of inadequate epidermal cell function, our results reveal defective muscle development and defective movement. This strongly suggests that muscle or neuromuscular defects may be contributing to the NHR-40 loss-of-function phenotypes. This is consistent with the expression pattern of NHR-40::GFP protein in transgenic lines within body wall muscle and neurons. Although P cells do express nhr-40::gfp, and the fusion protein continues to be expressed in ventral neuronal cord cells that descend from P cells, it is not detected in ventral epidermal cells that originate from P cells. Disruption of body wall muscle development can have secondary effects on the overlying epidermis, as illustrated by the phenotype of CeMyoD mutants . Although we could speculate that NHR-40 has epidermal function, which may contribute to the mutant phenotypes we observe, our results indicate that muscle and/ or nerve developmental defects underlie the nhr-40 lossof-function phenotypes.
One surprising finding of our reduction-of-function phenotypes is its relatively low penetrance. Regardless of the perturbation of gene function, loss of NHR-40 activity results in about 10% embryonic and about 20% larval arrest and lethality. We believe that these phenotypes represent bonafide knockdowns of NHR-40 activity because (1) they are not observed in control experiments, (2) the phenotypes can be partially rescued by genomic nhr-40 DNA, and (3) although not fully penetrant, the phenotypes are very consistent and reproducible. There are several possible explanations for the incomplete penetrance of the nhr-40 reduction-of-function phenotypes. The most obvious, given it is a member of a gene family consisting of 284 genes, is redundancy of function with one or more NHR-encoding genes. In a simple test of this model, we did double RNAi with nhr-40 and its two closest supnrs based on sequence, nhr-1, and nhr-47. Double RNAi between nhr-40 and either nhr-1 or nhr-47 did not alter the phenotype or penetrance of nhr-40 RNAi alone. It is possible that redundancy in function is provided by other NHR genes or by a gene(s) outside the NHR superfamily. Another possibility is that NHR-40 functions in dose-sensitive processes. Our nhr-40 RNAi and mutant allele may only be sufficient to partially reduce NHR-40 activity.
RNAi is known to not completely eliminate mRNA levels, particularly for genes expressed late in embryogenesis or in larvae (Kostrouchova et al., 2001) . Moreover, our analysis of transcripts in the nhr-40(ok667) mutant shows that although splicing is affected, some wild-type message is produced. The partially penetrant phenotypes we observe may only reflect partial nhr-40 function; loss of nhr-40 function may cause a more penetrant and more severe phenotype.
The C. elegans supnr family forms a group of 269 orphan nuclear receptors that, based on computational analysis, arose from expansion of an ancestral gene encoding a protein related to vertebrate HNF4 (Robinson-Rechavi et al., 2005) . In many organisms, orphan NHRs are involved in the metabolic response to xenobiotics (Lindblom et al., 2001; Mohan and Heyman, 2003; Moore et al., 2000; Xie and Evans, 2001 ) and any given NHR can respond to a variety of dissimilar xenobiotics (Maglich et al., 2002) . It can be speculated that the expansion of supnrs in C. elegans reflected a need to cope metabolically with the numerous and varied xenobiotics it encountered in its soil environment as shown for NHR-8 (Lindblom et al., 2001) .
Our demonstration that nhr-40 has a developmental role suggests that xenobiotics may not have been the only pressure driving expansion of this gene family. Another supnr, NHR-49, was shown to be a major regulator of fat metabolism, especially fatty acid beta oxidation (Van Gilst et al., 2005a,b) . Regardless of the original pressure driving expansion of the supnrs in nematodes, it would appear that many of these genes have adopted essential developmental roles independent of interactions with the environment.
Experimental procedures

Strains
The C. elegans Bristol N2 strain was used whenever not specifically stated and was maintained as described (Brenner, 1974) . The strain RB840 that has a deletion in nhr-40(ok667) gene was obtained from C. elegans Gene Knockout Consortium. SU93-jcls 1[ajm-1::gfp; unc-29(+); rol-6(su1006)] expressing AJM::GFP transgene (Mohler et al., 1998) and JR667-unc-119 (e2498::Tcl) ; wls51 [unc-119(+); scm::gfp] expressing the transgene in nuclei of seam cells were obtained from the Caenorhabditis Genetics Center. The line PD7963 (hlh-1::gfp) integrated line was a kind gift from Dr. M. Krause .
Cloning of nhr-40 isoforms
Multiple different cDNA fragments encoded by nhr-40 were cloned from total RNA and RT-PCR as previously described (Johnstone and Barry, 1996; Kostrouchova et al., 2002; Kostrouchova et al., 2001) . Most of the clones were related to EST sequence data in the database WormBase, reflecting two of the three transcripts named nhr-40a, nhr-40b, and nhr-40c; one set of clones defined a novel transcript which we called nhr40d. Canonical clones representing specific transcripts were selected for our studies. Clone number #6053 was prepared using primers #4580 (CGGGGTACCGTACCCCCGCTGATGTATAGGATT) and #6048 (CCATTCCCTCAGCTTCTCCACAG), revealed the presence of com-plete exon 7 (193 bp), and was identical to isoform nhr-40a. Clone #6070 was amplified by primers SL1 (GGTTTAATTACCCAAGTTTGAG) and #6048 and the sequence was identical to isoform nhr-40b in which exon 7 is shorter (178 bp). The clone #6071 was amplified with primers #6036 (GAGATACGGTGCGGTATCGATC) and #6048 and represents a novel transcript (nhr-40d).
Quantitative PCR
Quantitative PCR was performed as described (Sun et al., 2004) with slight modifications. cDNA was prepared from 5 lg of total RNA in a 20 ll reaction using reverse transcription reaction with SuperScript Reverse polymerase (Invitrogen, Carlsbad, CA, USA) and random hexamers. The amplicons of selected regions of nhr-40 isoforms were amplified using PCR, eluted from agarose gel using electrophoresis and semi-permeable membrane, and the amount of DNA was determined spectrophotometrically. The purified DNA was used for determination of standard curves for each amplified region. Real-time PCR was performed in PTC200 DNA EngineR thermal cycler equipped with ALS0296 96-well sample block (Bio-Rad, CA, USA) and the DyNAmoä HS SYBR Green qPCR Kit, which contains a hot start version of a modified Thermus brockians DNA polymerase for prevention of extension of non-specifically bound primers during reaction setup. The characterization of amplification including number of copies in samples was calculated using the computer program Opticon Monitorä Version 3.0. Each sample was analyzed at least by two analyses made in duplicates. The number of detected copies was normalized according to ama-1 expression. Primers used for amplification of nhr-40 isoforms a and b were #6145 (GGTTCTGCGGGATTCGCG TTTTCG) and #6147 (GCCTTGGGAT CCATTCCCATATCG) and for isoform d #6146 (GCGGTATCGATC ATGCTTGTCC CT) and #6147.
RNA mediated interference (RNAi)
The constructs for nhr-40, nhr-1, and nhr-47 were prepared by PCR amplification of cDNA with gene-specific primers and cloned into one or more of three different vectors: pAMP (Invitrogen), L4440 (a kind gift from Dr. A. Fire, Stanford University), pCR4-TOPO (Invitrogen). nhr-40 #4528 was prepared by PCR amplification of a 921 bp fragment from EST clone yk213d2.5 with primers #4500 (CAUCAUCAUCAUCGTG GTATGCAGCGATTTTGCGAG) and #4415 (CUACUACUACUAT TCCCAAGTATTCGCTGGCTTATT); it covered the nhr-40 coding region from exons 2 to 9. ssRNAs were prepared from linearized DNA by in vitro transcription reactions using SP6 DNA-dependent RNA polymerase (DNA digested by SmaI) and T7 DNA-dependent RNA polymerase (DNA digested by XbaI) (Promega, Madison, WI, USA). Both sense and antisense RNAs were mixed together at 68°C for 10 min and at 37°C for 30 min. dsRNAi was purified by phenol-chloroform extraction, precipitated by EtOH and the pellet was diluted in water to an approximate concentration of 2 lg/ll. Clone #4534 was prepared by PCR amplification of a 736 bp fragment from EST clone yk213d2.5 with primers #4417 (CUACUA CUACUAATATGGGAATGGATCCCAAGG) and #4415 and corresponds to exons 5-9 of nhr-40 that encode the putative LBD.
All dsRNAs for RNAi were injected into gonad of adult hermaphrodites as described (Mello and Fire, 1995) , and embryos of microinjected animals were collected in 10-12 h intervals, incubated for 12 h and scored. The effect of nhr-40 inhibition on the development of body wall muscle cells was assayed in the hlh-1::gfp line that allows counting of individual cells within each muscle quadrant . Using early L1 animals, 30 quadrants of muscle cells were examined from control animals (n = 15) and 39 quadrants were examined from nhr-40 RNAi-treated animals (n = 20).
nhr-40 expression constructs
The clone #6076 which corresponds to transcript nhr-40b was prepared by PCR using primers #4580 (CGGGGTACCGTACCCCCGCTGATG TATAGGATT) and #6038 (CATGCCATGGGGAAGATCTACAAGC CAACGATAATG) using cDNA from mixed population of the worms as a template. PCR product was cloned to pCR4-TOPO vector. After confirmation by sequencing, the insert was re-cloned into the heat shock promoter vector pPD49.83. A second clone #6077 that corresponds to transcript nhr-40d was prepared by PCR with primers #6073 (CGGGG TACCGAGATACGGTGCGGTATCGATC) and #6038. The PCR product was cloned to pCR4-TOPO vector. The insert was sequenced and re-cloned into the heat shock promoter vector pPD49.83. Expression from transgenic animals harboring #6076 or #6077 was induced by heating gravid hermaphrodites at 31°C for 2 h, as control N2 worms were heated under the same conditions.
nhr-40 GFP reporter genes
The constructs #4586, #6011, #6059, and #6007 were prepared by PCR amplification of the first promoter region using primers with SphI and BamHI restriction sites. The digested PCR products were cloned inframe to the corresponding restriction sites in the GFP vector pPD95.67, containing a nuclear localization sequence (NLS). The gDNA for construct #4586 was amplified by PCR with primers #4579 (ACATG CATGCTCCCAATCGGAAGAAGTTGTCACATC) and #4575 (CGG GATCCGGGCCCAACTCACTGTTATTCGGCAT), #6011 with primers #4591(ACATGCATGCATGATTGATGGGACAAGGTAA) and #4575, #6059 with primers #6050 (ACATGCATGCCAATATTCATAATGCG CTTTCTATC) and #4575, and #6007 with primers #4592 (ACATG CATGCACGGAAGTAACACTTAAAAGC) and #4575.
Constructs #6022, #6023, #4523, and #6058 were generated by PCR amplification of the downstream promoter region using primers with PstI and BamHI restriction sites. The digested PCR products were cloned in-frame into the corresponding restriction sites in the GFP vector pPD95.73 containing an NLS. The construct #6022 was prepared with primers #4593 (AAAACTGCAGGGCAATATGGCAAGCATTTCAC) and #4502 (CGCGGATCCACGCAAAGTGTTCCTTCCGGGAT), #6023 with primers #4594 (AAAACTGCAGTTGGGGTGGCTGGAAGGAA GTT) and #4502, the construct #4523 with primers #4501 (AAAACTG CAGCAGTCACTATCCAGGAAGTAT TCT) and #4502, and the construct #6058 with primers #6049 (AACTGCAGCGTCTTCTTGGAC GGACTCGCCGAC) and #4502.
The construct #6093 was generated by PCR using the same set of primers as #4523 (#4501 and #4502) from gDNA isolated from the RB840 strain containing the nhr-40(ok667) intronic deletion. This clone contains a 1821 bp fragment cloned into the GFP vector pPD95.73.
All transgenic lines were generated by microinjection of 100 ng/ll of plasmid DNA and a marker plasmid pRF4, rol-6 (su1006), which leads to a roller phenotype in transgenic animals. At least two independent lines were made for each construct.
Sequencing of deletion in nhr-40 gene from RB840
Genomic DNA regions were sequenced with primers #4502 (CGCG GATCCACGCAAAGTGTTCCTTCCGGGAT) and #4595 (AAAACT GCAGCCTCCCGTGTCAATGATTATGT) from PCR products prepared from individual worms from the RB840 strain harboring the nhr-40(ok667) allele.
Rescue of nhr-40(ok667)
Genomic DNA for rescuing the mutant nhr-40(ok667) was generated by PCR amplification of overlapping fragments from wild-type DNA using specific primers (Maryon et al., 1996; Maryon et al., 1998; Mercer et al., 2003; Watanabe et al., 2005) . Fragment A: 2860 bp, with primers #4579 and #4575; fragment B1: 3184 bp, with primers #4592 and #6099 (GGGATTCAATACAAGGACGTGACTTTC); fragment B2: 3088 bp, with primers #6098 (GAGGAGCCTAGTCAACAAGGTAGATC) and #6043 (CAAGTTGGACATTTGGGTCTTATC); fragment C: 3665 bp, with primers #6049 (AACTGCAGCGTCTTCTTGGACGGACTCGCC GAC) and #4581; fragment D: 4468 bp, with #6068 (AAAACTGCA GAAGTTGTCGGCTGAAAAAATGC) and #6069 (TTTTCTGCAGG TATTTCGAGATGTGAATACT TTG). PCR products were gel purified, mixed together at a final concentration of 500 ng/ll, and combined with 50 ng/ll of pRF4 as a marker prior to injection into animals. The statistical analysis was done by observing the progeny of 21 parental transgenic animals obtained after injecting amplified nhr-40 genomic DNA. The affected embryos and larvae were scored as a percentage of the whole population (n = 2859). For a control, the progeny of 24 RB840 parental animals were scored (n = 2521). In a separate analysis, the affected embryos and larvae were scored as a percentage of progeny per parent animal. The progeny of 24 control RB840 animals were scored (n = 2459) and compared to progeny of rollers obtained by injection of nhr-40 gDNA with the pRF4 plasmid (14 rollers, n = 1916).
cDNA rescue of nhr-40(ok667) with tissue-specific promoters were as follows.
The promoter region of myo-3 (2279 bp) was amplified by PCR with primers #6100 (GGGCCCGTGCCATAGTTTTACATTCCAC) and #6101 (CCGCGGTCTAGATGGATCTAGTGGTCGT) and cloned to pCR4-TOPO vector. A PCR product corresponding to cDNA of nhr40d was prepared with primers #6103 (GCTCTAGAGAGATACGG TGCGGTATCGATC) and #6104 (GCTCTAGAGGAAGATCTACAA GCCCACGATAATG) and was cloned under the myo-3 promoter using unique XbaI restriction site. Statistical analysis was done on a total of 2521 progeny of 24 RB840 parents for control animals and compared to data from 2113 progeny of 14 parent rollers obtained after injection of the pmyo-3::nhr-40 rescuing construct.
Second statistical analysis was done on a total of 3296 progeny of 29 RB840 parents for control animals and compared to data from 1742 progeny of nine parent rollers obtained after injection of the pmyo-3::nhr-40 rescuing construct.
To drive expression of nhr-40 in epidermal cells, the nhr-23 promoter (1.6 kb) (Kostrouchova et al., 1998) was amplified from genomic DNA using PCR and fused with the full-length cDNA of nhr-40. The sequence of the amplified region was confirmed by direct sequencing. Statistical analysis of progeny (n = 686; seven parental rollers) was done as described for the rescue experiments with nhr-40 gDNA and myo-3::nhr-40.
Phalloidin staining
Phalloidin (Molecular Probes) staining of filamentous actin was done as recommended by the manufacturer. Animals were fixed for 10 min in 4% (w/v) paraformaldehyde, washed in PBS, and stained for 1 h with phalloidin labeled with Alexa Fluor 488.
Movement assay
The method used was modified from (Wicks et al., 2000) .The starving L1 animals were placed on a marked line on chemotaxis agar in a 9 cm Petri dish. A second line was made at a distance of 2 cm and was filled with OP50 bacteria. One milliliter of isoamylalcohol diluted to 1:50 in ethanol was placed in the opposite side of the dish. Isoamylalcohol was used to attract worms toward the line of OP50. The movement of the worms was measured in 1, 2, 5, and 24 h.
Motility assay
The motility assay was performed as described (Mercer et al., 2003) with slight modifications. Single wild-type N2 or RB840 L1 larvae were placed in a 15 ll drops of M9 buffer and left to acclimate for 1 min. Motility was determined as described in groups of 15 animals.
Bioinformatics
Sequences were compared by the MultAlin program (Corpet, 1988) and the phylogenic tree was prepared by using Vector NTI Suite 5.5 (Lu and Moriyama, 2004) , available from Invitrogen (www.invitrogen.com).
Fluorescence microscopy and confocal microscopy
Fluorescence microscopy was done on Olympus BX60 microscope and Nicon Eclypse E800 microscope equipped with C1 confocal head and 488 nm laser line (Spectra-Physics Lasers) (Fig. 5E ).
